Abstract: Whether porosity can effectively improve thermoelectric performance is still an open question. Herein we report that thermoelectric performance can be enhanced by creating porosity in n-type Mg3.225Mn0.025Sb1.5Bi0.49Te0.01, with a ZT of ~0.9 at 323 K and ~1.6 at 723 K, making the average ZT much higher for better performance. The large improvement at room temperature is significant considering that such a ZT value is comparable to the best ZT at this temperature in n-type Bi2Te3. The enhancement was mainly from the improved electrical mobility and multi-scale phonon scattering, particularly from the well-dispersed bismuth nano-precipitates in the porous structure. We further extend this approach to halfHeuslers Nb0.56V0.24Ti0.2FeSb and Hf0.25Zr0.75NiSn0.99Sb0.01showing similar improvements, further advancing thermoelectric materials for applications.
are counter-related through charge carrier concentrations, whereas σ and κe are coupled through the Wiedemann-Franz relationship, and κL subjects to structure manipulation, which makes any enhancement of ZT quite challenging. However, owing to the recent extensive research, both power factor (PF = S 2 σ) enhancement and strong phonon scattering have been successfully observed in benchmark thermoelectric materials. [3, 4] The all-scale hierarchical structure spanning from atomic defects and the nanoscale endotaxial precipitates to the mesoscale grain boundary has resulted in a great reduction of κL in Sr and Na co-doped PbTe, leading to a high ZT value of ~2.2. [5] Even higher ZT values, yet to be reproduced, have recently been reported in SnSe due to bond anharmonicity limiting the phonon lifetime in the time domain instead of the space domain, favoring its intrinsically low κL, and a couple of record ZTs were reported in both p-and n-type doped SnSe. [6, 7] Another paradigm of phonon engineering includes the so-called "phonon-liquid electron-crystal," as found in the family of copper chalcogenides. [8] In terms of the electrical transport properties, the resonant state and band convergence schemes aim at enhancing the degree of band degeneracy Nv in the electronic band structures to boost the weighted mobility μw, which is proportional to the dimensionless thermoelectric material quality factor . The high performance in n-type Mg3Sb2 based materials, [9] Mg2(Sn,Si), [8] and "pseudo-cubic" materials mainly originate from their high μw. [8] Meanwhile, a recent report shows that spin can add another degree of freedom in tuning the electrical transport in the so-called phonon-glass electron-crystal skutterudite In-filled CoSb3 through compositing with the superparamagnetic Fe, Co, and Ni nanophases. [10] In spite of the significant progresses in enhancing the thermoelectric performance in the last decades, some vital challenges still remain, hindering the widespread application of TE materials. First, TE materials with high average ZTs are needed for practical applications regardless for power generation or refrigeration. [3] Second, the rare (Te) and toxic constituent elements (Pb) in most TE materials have been a significant concern in terms of both environmental and economic costs.
Porous structure can potentially serve as an ideal architecture for the decoupling of phonons and electrons to improve ZT. [11, 12] Meanwhile, a few recent reports, [13] [14] [15] [16] [17] although preliminary, have unveiled the potential of a meso-porous structure in terms of cost reduction and TE performance enhancement. However, the porous structures in these materials are only case specific and unfortunately not tunable. Thus, whether porous TE materials are really useful is worth further exploration.
In this work, we proposed a general approach to fabricate bulk porous TE materials. The synthesis scheme is shown in Figure 1A , the details can be found in Supporting Information.
Unlike the traditional spark plasma sintering (SPS) process, our specially designed graphite die allows the decoupling of the heating temperature and density of the target disc material.
This means highly porous disc samples can be obtained at a much higher sintering temperature, which is usually not possible since higher hot-pressing temperature always result in fully dense samples under a certain pressure. High sintering temperatures favor coarsening of grain size due to grain growth, which would be beneficial for charge carrier transport in the TE materials; meanwhile, the as-formed porous material can scatter medium-to longwavelength phonons, leading to a reduced lattice thermal conductivity, and potential enhancement on ZT. Indeed, this approach leads to a general enhancement of ZTs for the material systems described in this work, except of the p-type Bi0.5Sb1.5Te3. In particular, we obtained a record high (ZT)eng of ~1.0, with ZT ranging from ~0.9 to ~1.6 at a temperature range of 323 to 773 K, making it a promising candidate for the substitution of commercial Figure   S1 -S3).
N-type Mg3Sb2-based materials have been recently identified as promising thermoelectric materials with ZTs ranging from ~0.5 to ~1.6 for temperature ranging from 300 to 773 K in Mg3.0Sb1.48Bi0.48Te0.04. [9] So far, intense efforts have been devoted to this material on unveiling the feature of favorable multiple band valleys at the conduction band edges, [18] tuning the extra Mg and Te (or Se) doping concentration, [19] [20] [21] [22] [23] and exploring the dominated carrier scattering mechanisms to boost the electrical conductivity for better ZTs. [24] [25] [26] Interestingly, a ZT of ~0.9 at near 325 K was predicted under the modeling of the grain-boundary dominated charge transport, [27] but lack of experimental demonstration yet.
In this work, we applied the PM approach to our previously optimized composition Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 with Mn doping and extra Mg. [28] As a typical process, we first synthesized the fully dense sample both at 873 K and 1073 K using SPS under dynamic vacuum conditions, the fully dense disc pressed at 873 K were used as the precursor to make the following porous samples (Samples hot pressed at 1073 K was not used for this purpose since Mg loss at 1073 K is too much). The results of the enhanced ZTs are shown in Figure   1B and 1C. As shown in Figure 1B , the optimum sample with a relative density of 90% exhibits significantly high ZTs ranging from ~0.9 to ~1.6 at between 323 and 723 K. For comparison, the temperature dependence of ZTs of n-type BiTeSe materials from the literature was also shown together. [29] [30] [31] [32] It can be seen that the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 outperforms the best of Bi2Te2.7Se0.3. Figure 1C shows the comparison of ZTs in the temperature range of 300-623 K between the fully dense and 90% PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples pressed at 1073 K to other representative fully dense n-type Mg3Sb2 based materials, which were synthesized through different approaches. As shown in the figure, the ZT of the PM sample have been substantially boosted around the room temperature region, approaching ~0.9 based on a grain boundary dominated charge carrier transport model for this system. [27] Meanwhile, high performance at elevated temperatures was properly secured, as seen in the fully dense structure. [33, 34] Overall, the global ZT of the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 sample at 300-773 K are better than those reported thus far for n-type Mg3Sb2 based materials, and any other materials around room temperature based on the engineering figure of merit (ZT)eng that can reliably predict the maximum thermoelectric efficiency ηmax of materials at a large temperature difference. It is worth pointing out that the high performances of n-type thermoelectric materials are indeed scarcer than the p-type, and the discovery of PM n-type Mg3Sb2 based materials is expected to have a sound impact on the thermoelectric field.
To unveil the deep reasons regarding the structure and compositions underlying the high TE performance of the PM materials Mg3.225Mn0.025Sb1.5Bi0.49Te0.01, we conducted Scanning Electron Microscope (SEM) and High Resolution Transmission Electron Microscope (HRTEM) investigations for a fully dense sample pressed at 873 K (shown in Figure 2A through 2C) and a typical PM sample with 90% relative density (shown in Figure 2D through 2I), respectively. As shown in Figure 2A , the grain size of the fully dense sample is only about 200 nm. The high-resolution HAADF image in Figure 2B suggests the existence of the spinodal decomposition of Mg3Sb1.5Bi0.5 in the darker contrast areas, which is consistent with previous work. [28] The selected area electron diffraction (SAED) pattern shown in Figure 2C can be firmly indexed by the [001] zone axis of the α-Mg3Sb2 phase (space group No. 164, ). For the PM sample, substantial changes can be observed. Figure 2D shows a lowmagnification SEM image of the sample surface after polishing displaying pores around a few hundred nanometers. A series of samples with decreasing relative densities shows a trend in increase of pores, as can be seen in the Supporting Information ( Figure S4 ), indicating the effectiveness of the approach in manipulating the density and porous structures. The average grain size of the PM sample sintered at 1073 K has grown to about tens of micrometers, as shown in Figure 2E . The prominent grain growth changed the crystal defects, and boosted the electrical transport properties in the PM materials, which is similar with the previous report.
[ 33] Figure 2F shows the unique microstructures in the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01
sample featuring porridge-like nano-precipitates. High-resolution Scanning Transmission
Electron Microscope (STEM) images focusing on two separate precipitates are shown in Figure 2G and 2H. The particle size of these precipitates is around 10 nm, and the crystal structure is obviously different from the host α-Mg3Sb2 phase. The Fast Fourier Transform (FFT) images (shown in the insets in Figure 2G and 2H) and the measured lattice spacing
show that the precipitate in Figure 2G can be indexed to Bi with the space group of , and the other image in Figure 2H is Bi with a space group of . Both Bi nano-precipitates are endotaxially grown in the Mg3Sb2 based matrix, whereas the crystal lattice of first precipitate in Figure 2G is coherent to the host matrix, and for the second precipitate in Figure   2H , a clear amorphous layer of 1-2 nm in thickness can be observed between the matrix and precipitate phases, indicating the large mismatch of their lattice. The coexistence of two phases of Bi may originate from their subtle difference on the formation energy during the cooling process. In addition to the Bi nano-precipitates, the spinodal decomposition of Mg3Sb1.5Bi0.5 exists in the darker contrast areas in Figure 2G and 2H.
It can be seen that the Bi precipitate phase exists in all PM samples. Rationally, the disassociated Bi is also accompanied by excessive Mg in the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials, as indicated in the dark area in Figure 2I . The EDX mapping shown in the inset of Figure 2I confirms the existence of Mg pieces. We believe that the porous structures in Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials play a unique role in the formation of massive Bi nano-precipitates. These in situ formed precipitates, together with the multi-scale pores, are expected to have a profound impact on the thermoelectric transport.
On the other hand, owing to the massive existence of the Bi precipitates, concerns regarding the severe decomposition of Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 may arise, which would lead to a deterioration of its high thermoelectric performance. To further investigate the complex phases in these samples, powder neutron diffraction measurements were carried out using GPPD at China Spallation Neutron Source for both the fully dense sample annealed at 873 K, and the 90% PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 sample. As shown in the neutron diffraction and Rietveld refinements (shown in Figure S5 ), there are no detectable phases except of the pure phase patterns of the fully dense and PM samples of Mg3.225Mn0.025Sb1.5Bi0.49Te0.01, indicating that the Bi precipitates are a minor portion in these samples. The comparison of the experimental pair distribution function G(r) (shown in Figure S6 ) shows that there are no discernible differences in crystalline structure between the fully dense and PM samples.
As mentioned above, the multi-scale hierarchical structure will have a profound impact on the thermoelectric transport in PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials. Benefiting from multi-scale phonon scattering centers, particularly the massive precipitates, thermal conductivity of PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials is further reduced. The Tdependent κtot for all Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples is shown in Figure 3A . Similar to the trend in the temperature dependent D for all samples ( Figure S7A ), the κtot of fully dense sample pressed at 1073K ranges from ~1.18 to ~0.85 Wm -1 K -1 at 323-723 K, which are significantly higher values than those of the PM samples. As expected, the T-dependent κtot of the PM samples decrease to a lower level with a decrease in the sample densities. The differences in κtot among the PM samples within the temperature range of 323-450 K become more obvious by taking the density factor into account. As for an optimum sample of PM 90%, κtot was effectively reduced by around 29% within the entire measured temperature range, which ranges from ~0.84 to ~0.68 Wm -1 K -1 at 323-723 K. Interestingly, an identically low κtot can be found for a nominal composition of Mg3Sb1.48Bi0.48Te0.04 in Zhang's report, [9] in which a similar processing temperature of 1123 K was used. Because no detailed microstructure or a TEM analysis was used, we presumed that the low κtot in Mg3Sb1.48Bi0.48Te0.04 occurred owing to the reduced Mg in their sample. The actual compositions for all samples are shown in the Supporting Information (Table S1 ). Considering that the differences in actual Mg for all samples are minor, it is suggested the significant reduction of κtot for the PM samples is due to unique phonon scattering mechanisms, primarily of the massive Bi precipitates, and the porosity. A phonon relaxation approximation based on the Callaway model was used to understand the details of the phonon scattering mechanisms in the PM 90% sample, as shown in the Supporting Information ( Figure S7 ).
In addition to the highly favorable low κL and κtot, the large grain size (≥20 μm) for the samples pressed at 1073 K is beneficial for the electrical transport, particularly within the low temperature range (323-473 K). The T dependence of σ for all samples is shown in Figure 3B .
The value of σ of the fully dense sample sintered at 873 K shows two distinctly different Tdependent regions, which is a typical characteristic for n-type Mg3Sb2 based materials synthesized at relatively lower temperatures. [24, 25] It has been suggested that, within the lower temperature range, the electron transport is dominated by ionized impurity scattering, whereas at high temperatures it is dominated by acoustic phonon scattering. Another reasonable interpretation proposed by Snyder et al. is that the energy barriers at the crystal interfaces can dominate the electron transport, and the highest carrier mobility can be realized at the nongrain boundary limit. [27] For the PM samples and the fully dense sample sintered at 1073 K, the charge carrier scattering mechanism within the entire temperature range of 323-723 K is likely dominated by acoustic phonons with a power function of σ-T -0.5 . A distinct conversion of the dominated electron scattering mechanisms can be observed at lower temperatures between samples pressed at 873 K and 1073 K owing to significantly increased electrical mobility in the high temperature pressed samples ( Figure 4A ). Meanwhile, σ of the fully dense sample (pressed at 873 K) at 323 K increased from ~2. For the PM 80% density sample, the poor electrical conductivity can be ascribed to the low carrier concentration of ~1.5 × 10 19 cm -3 . It is noteworthy that the electrical conductivity of all PM samples at high temperature decreases compared to that of the fully dense samples, which is due to the acoustic phonon scattering of the electrons.
The T-dependent S is shown in Figure 3C for all Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples.
Overall, the absolute S values are within the range of 200-300 μV K -1 at 323-723 K, which are consistent with the transitional metal doped samples, but are slightly higher than those doped only by Te. [24] At 323 K, S of the fully dense samples and the PM 90% density sample is around 210 μV K -1 , which is related to their relatively higher carrier concentration in comparison to other PM samples. At 373-723 K, the S values decrease with the density of the samples except for the abnormally high values in the PM 80% density sample. To further understand the mechanisms of electrical transport in the PM samples, the log |S| -logσ relation is shown Figure 4C . The curves predicted mainly by the two-phase grain boundary model, as well as the commonly used acoustic-phonon scattering and ionized-impurity scattering models, were compared with the experimental data points from our PM samples.
Unlike the previous reports for fully dense Mg3Sb2 based materials, whose data fit fairly well with either of three models, [27, 34] the experiment data in this work are located in the upper-right region of the panel in Figure 4C , which exceeds the predictions of the models based on the grain boundary scattering assumptions, indicating superior electrical transport properties in these Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples. Similarly, we did observe high electrical conductivity and Seebeck coefficient at near 323 K for the nominal Mg3.175Mn0.025Sb1.5Bi0.49Te0.01 sample pressed at 873 K in our previous report, [28] which also exceeds the predictions of the above electron transport models. In the current work, we particularly increased the Mg content by 1.6% in the synthesis of precursor disc samples at 873 K to avoid further loss of Mg during the second SPS process. [23, 33] . Indeed, as has been reported. [28] Mn doping in Mg3Sb2 based materials exhibits higher effective mass and power factors. The superior electrical transport properties in the precursor sample pressed at 873 K were succeeded by the full density and PM samples pressed at 1073 K, which outperforms the predicted values in the curve based on the two-phase grain boundary model at the no-grain boundary limit. [27] Combining the drastically reduced thermal conductivity within a broad temperature range and the promoted power factors ( Figure 4B ) at near room temperatures, the ZTs of the Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials at near room temperature have been greatly improved, as shown in Figure 3D . In particular, the ZT of the 90% PM sample reaches~0.88 at 323 K, which is an increase of 140% compared to that of the fully dense sample pressed at 873 K, and 25% to that of the fully dense sample pressed at 1073K. The highest peak ZT of which is 1.75, is obtained for the 95% PM sample at 723 K. Moreover, the ZTs of other PM samples are also significantly enhanced at near room temperature compared to fully dense Mg3.225Mn0.025Sb1.5Bi0.49Te0.01. In addition, the repeatability of the thermoelectric properties in the Mg3Sb2 based PM materials and the reproducibility of the PM 90% samples are conformed, as shown in the Supporting Information ( Figure S8 ).
To prove the significant potential of a porous-mediated structure in achieving highperformance thermoelectrics, we further extended the rationally designed porous structure to three other benchmark TE materials, namely, Bi0.5Sb1.5Te3, Hf0.25Zr0.75NiSn0.99Sb0.01, and FeNb0.56V0.24Ti0.2Sb. Notable enhancement of thermoelectric performance was realized in half-Heuslers. However, a decayed performance was seen from Bi0.5Sb1.5Te3 by introducing porosity, which is ascribed to the less gains on lattice thermal conduction reduction comparing other porous materials described in this work. The detailed thermoelectric properties for these samples can be found in the Supporting Information. As the key parameter, the average ZTs of these materials is shown in Figure 5 . A prominent improvement with respect to the fully dense material has been realized for three systems, and thus we expect that the PM structure can also be extended to more state-of-art the material systems for an enhanced thermoelectric performance.
In summary, we developed a porous-mediated (PM) approach for achieving controllable porosity and nano precipitates for high thermoelectric performance. We applied this approach to the Mg3Sb2 based n-type thermoelectric materials Mg3.225Mn0.025Sb1.5Bi0.49Te0.01, demonstrating ZTs of ~0.9 and ~1.6 at 323 and 723 K, respectively, making it competitive with BiTeSe for near room temperature applications. The high performance was ascribed to the enhanced electrical mobility and multi-scale phonon scattering centers, particularly for the well-dispersed bismuth nano-precipitates induced through the porous structure. We further extended the PM approach to other thermoelectric materials including half-Heuslers FeNb0.56V0.24Ti0.2Sb and Hf0.25Zr0.75NiSn0.99Sb0.01, with enhanced properties, paving the way for high-performance PM thermoelectrics. 
Experimental Section

Materials
Synthesis:
The Schematic is as shown in Figure 1A in the article. The process uses a specially designed graphite die with a height of 40 mm, and the total length of the top and bottom graphite rods plus the thickness (2-3 mm) of a fully dense disc material was set to be equal to the height of the graphite die. Thus, a constant volume space between two rods can be left in the die to modulate the ratio of porosity (or relative density) of the final samples by simply tuning the quantity of the pre-ball milled fine powder.
For the synthesis of the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials, the raw elements were weighed according to the composition of Mg3.225Mn0.025Sb1.5Bi0.49Te0.01. The elements were loaded into a stainless-steel ball-milling jar in a glove box under an argon atmosphere with an oxygen level of below 0.1 ppm and ball-milled for 10 h using a SPEX 8000M Mixer/Mill.
Then, for the initial SPS, a regular graphite die loaded with 5.00 g of reactant powder was immediately sintered at 873 K under a pressure of ~50 MPa for 2 min. Next, the fully dense ingot with a thickness of ~5 mm obtained was smashed and loaded into another clean ballmilling jar, followed by a 6 h ball milling process. For the synthesis of the PM samples, the powder obtained was then loaded into our specially designed graphite die with a constant inner volume size for use in another SPS process at 1073 K under dynamic vacuum conditions.
During the synthesis of the PM samples, a series of relative densities can be reached by fine tuning the quantity of the powder; however, we should note that, as the relative density reaches above 95%, the samples can be squeezed out through melting, and thus the maximum density was 95% for the synthesis.
For FeNb0.56V0.24Ti0.2Sb, the constituent elements were ball-milled for 10 h, and then SPSsintered at 1073 K under a pressure of 50 MPa for 10 min. The ingot obtained was characterized by XRD to be in a pure half-Heusler phase. For the PM samples, the ingot obtained was ball-milled for 6 h, and SPS-sintered for a second time at 1173 K for 10 min using a specially designed graphite die.
For the Hf0.25Zr0.75NiSn0.99Sb0.01 ingot, instead of an initial SPS, the fully dense ingot was prepared through arc melting, followed by a 10 h ball-milling process, and then sintered at 1173 K for 20 min using the specially designed graphite die.
For PM Bi0.5Sb1.5Te3, the constituent elements were ball-milled for 10 h, and then sintered at 723 K under a pressure of 50 MPa for 10 min by directly applying the specially designed graphite die without a second SPS.
Electrical transport properties:
Bar samples were cut from the pressed disks with dimensions of ~10 mm × 2 mm × 2 mm and used for the simultaneous measurement of the electrical resistivity (ρ) and Seebeck coefficient (S) on a commercial system (Linseis LSR-3, Germany)
under a helium atmosphere.
Hall measurements:
The samples obtained were cut into slices with dimensions of ~5 mm × 5 mm × 0.2 mm and then welted for Hall measurements. The room-temperature Hall coefficient (RH) was measured under a reversible magnetic field using a physical properties measurement system (PPMS). The Hall carrier concentration (nH) was obtained using nH = 1/eRH, and the Hall carrier mobility (H) was calculated by applying σ = eμHnH, where e is the electronic charge and σ is the electrical conductivity.
Thermal conductivity: The thermal diffusivity coefficient (D) was measured on a laser flash system (Linseis LFA 1000 Laser Flash, Germany). The specific heat capacity (Cp) was measured on a differential scanning calorimetry thermal analyzer (Netzsch DSC 404 C, Germany). The total thermal conductivity κtot is calculated from κtot = DCPd, where D is the thermal diffusivity coefficient, CP is the specific heat capacity, and d is the density.
Aberration-corrected transmission electron microscopy (Cs-corrected TEM):
The samples investigated through transmission electron microscopy (TEM) were prepared using traditional mechanical polishing, dimpling, and ion milling with liquid nitrogen. High-angle annular dark-field (HAADF) imaging was carried out using a JEOL ARM 200 F microscope, equipped with probe and image correctors.
Chemical composition analysis:
The chemical compositions were analyzed using ICP-MS (X Series 2, Thermo Fisher Scientific). [49] Figure 5 . Comparison of average ZTs between fully dense samples and corresponding PM samples for broad extensive thermoelectric materials. The red column represents the data calculated from n-type SnSe. [7] A porous-mediated (PM) N-type Mg3Sb2 based material with ZT values comparable to that of the best N-type Bi2Te2.3Se0.7 was developed, which opens up a new class of materials for cooling and power generation at low temperature. The porosity was further extended to thermoelectric materials FeNb0.56V0.24Ti0.2Sb and Hf0.25Zr0.75NiSn0.99Sb0.01, and enhanced properties are also realized, paving the way for high-performance PM thermoelectrics. 
Neutron diffraction measurements:
Supplementary Text
Calculation of the maximum thermoelectric efficiency ηmax The maximum thermoelectric efficiency ηmax of materials at a large temperature difference can be calculated by using the following formula [1] :
where is the Carnot efficiency, is the engineering dimensionless figure of merit, and is a dimensionless intensity factor of the Thomson effect, defined as , where is the Seebeck coefficient at the hot-side temperature,
Th. The (ZT)eng ( Figure S9 ) of the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 sample with a relative density of 90% can be calculated based on the equations in (49).
Lattice thermal conductivity calculation and the phonon scattering mechanisms The equations for different relaxation times become the following:
where  is the Grüneisen parameter, D is the Debye temperature, M is the average atomic mass, Edef is the deformation potential, m * is the density of the state effective mass, d is the density, V is the volume per atom,  is the disorder scattering parameter, l is the average grain size, νt is the longitudinal phonon velocity, νt is the transverse phonon velocity, and ν m( ) is the average phonon velocity.
All four scattering mechanisms above were taken into account for phonon scattering modeling of the fully dense samples. For the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 materials having a relative density of 95% and 90%, other scattering mechanisms will be taken into account, for example, the porosity and the precipitate nanoparticles. The relaxation time of the second-phase nanoparticles can be calculated as follows:
[5] where dp is the density of the nanoparticles, and σl and σs are the cross-section limits given by [6] [7] Here, ∆d is the difference in density between the nanoparticles and the matrix materials, d is the density of the matrix, and R is average radius of the sphere in the second phase.
The effects of porosity on the lattice thermal conductivity is given by [8] where and are the lattice thermal conductivity of the porosity and bulk samples, respectively, and φ is the porosity. The parameters used for the modeling of the lattice thermal conductivity are listed in Table S2 .
Lorenz number calculations
The Lorenz number as a function of the reduced Fermi energy ξ = Ef /kBT and scattering parameter r is as follows (47): [9] where Fn is the Fermi integral given by [10] In this calculation, acoustic phonon scattering is assumed as the main carrier scattering mechanism using r = -0.5. Experimental pair distribution function G(r), obtained through neutron total scattering measurement using a high intensity total diffractometer BL21 NOVA at J-PARC at room temperature for a (A) fully dense sample pressed at 873K and (B) PM sample, respectively. The real-space refinement of experimental G(r) is based on the (space group No.164) structure model. Figure S6 shows a comparison of the experimental pair distribution function, G(r), at room temperature for both the fully dense and PM samples. The results show that there are no discernible differences in crystalline structure between the fully dense and PM samples, whereas a significant difference was found for the peak located at r of ~3.8 Å, which can be identified as Mg-Mg pairs in the structure. It can be seen that, for the PM sample, the experimental peak fits well with the model, whereas for the fully dense sample, the experimental peak seems weaker than that of the model that indicate more Mg vacancies. These findings are consistent with the electrical properties in both samples for which Mg vacancies play a role. The temperature dependence of the thermal diffusivity for a series of PM samples with the nominal composition of Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 is shown in Figs. S7A, respectively. In terms of the fully dense samples, the sample pressed at 1073K exhibit significantly higher thermal diffusion coefficient, electrical thermal conductivity than that pressed at 873K, owing to its larger grain size and high electrical conductivity in the whole temperature range. Naturally, the relatively low density (d) in the PM samples would cause a reduction of κtot according to the formulation above, which can be understood owing to the porosity factor. Beyond that, as can be seen in Figure S7A, As shown in Figure S7B , the T-dependent electrical thermal conductivity κe for all samples was determined using the Wiedemann-Franz law κe = LσT, where L, σ, and T are the Lorenz number (Fermi energy dependent L), T-dependent electrical conductivity, and absolute temperature, respectively. As can be seen, κe of the fully dense sample pressed at 873K shows a different feature of T dependence on all other samples pressed at 1073K, which is closely linked to their electric transport mechanisms.
As shown in Figure S7C . Clearly, a κL gap exists between the fully dense sample and the group of PM samples. For the fully dense sample pressed at 873K, κL ranges from ~0.85 to ~0.60 Wm -1 K -1 at 323-723 K, which matches well with most of the reported values. (46-48) For another fully dense sample pressed at 1073K, κL increases due to the grain growth. For the PM samples, κL first decreases with the density at low temperatures, and then coincides at around 500 K, indicating the various phonon scattering mechanisms among them. A typical Umklapp scattering with κL of~T -1 can be observed for both fully dense and 95% PM samples, whereas for the PM samples other mechanisms start to dominate, which will be analyzed in the following theoretical fitting.
A phonon relaxation approximation based on the Callaway model was used to understand the details of the phonon scattering mechanisms, as shown in Figs. S7D and S7E. The details of the modeling can be found in the Supplementary Text. Herein, considering the specially designed porous structure and the novel Bi nano-precipitates, additional factors have to be taken into account for the PM samples on top of the scatterings from the Umklapp process, point defect, and so on. Based on the calculations, the frequency-dependent phonon relaxation time for the PM samples is shown in Figure S7D . The results show that the boundary phonon scattering between the Bi precipitate and host matrix is the dominant mechanism at below 2.5 THz, and Umklapp scattering is the dominant mechanism for medium-to high-frequency phonons of between 2.5 and 25 THz in PM materials. This explains the different behaviors of the T-dependent κL in Figure S7C . At low temperature, the density of the boundaries between the Bi precipitates and the host matrix govern the phonon scattering. Therefore, the sample with a higher density of boundaries or higher density of precipitates should exhibit a lower lattice thermal conductivity, which can be easily seen in Figure S7C . For instance, the 80% PM sample exhibits the lowest κL at a low T, which is consistent with its highest density of the precipitates. At a higher temperature, Umklapp scattering starts to dominate, and κL for the PM samples behaves in quite the same manner. A comparison between the experimentally observed κL and the fitted κL based on the Callaway model for a PM sample of 90% relative density is shown in Figure S7E . The total fitted κL when considering all mechanisms matches well with the experiment data. Among the scatterings, the boundaries between Bi precipitates and the host matrix, along with the Umklapp process, contribute the most in blocking the transmission of heat carrying phonons, leading to a substantial decrease of κL. As a whole, by intentionally fabricating the porous structure accompanied by massive Bi precipitates in the Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples, κL has been unprecedentedly reduced to a low level. Repeated tests were carried out for the PM 90% sample, and the measured S, σ, and κtot are shown in Figure S13 . The calculated ZTs based on three measurements are shown in Figure S8 , in which the three curves coincide with each other through a deviation of ~5%, confirming the thermal stability of the PM samples. In addition, three PM samples with a 90% relative density were prepared and tested in parallel, and the T-dependent S, σ, and κtot are shown in Figure S14 . The ZT curves for the three samples are shown in the inset of Figure S8 , and a deviation of 7% between these samples proved the repeatable synthesis of the PM Mg3Sb2 based materials. The Energy Dispersive X-ray Spectroscopy EDX element mapping was carried out, as shown in Figs. S11A through S11F, corresponding to Bi, Mg, Mn, Sb, and Te, respectively. The elemental mapping of Bi is found to fit well with the distribution of the precipitates in Figure S10A , whereas the mappings of Mg and Sb are in reverse coincidence to the precipitate distribution. Te was found to be uniformly distributed in the selected area, but Mn is accumulated somewhat in these areas probably because of its high melting temperature. EDX elemental mappings confirmed the coexistence of Bi nano-precipitates and the spinodal decomposition in the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 sample, which is found to be favorable for the thermoelectric transport in this material. As shown in the Supporting Information (Figure S11 ), both the PM 95% and 90% samples exhibit a high density of precipitates, whereas the overall sizes of the precipitates in the PM 95% sample are larger than those in the 90% sample, revealing that the subtle difference in pressures applied on the PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 material during the SPS may play a critical role in the thermodynamic states and the microstructures of the final samples. It is known that Mg3Sb2 based materials become thermally unstable at up to 773 K because of the volatile constituent elements, and the solubility of Bi and Te in Mg3Sb2 is also limited by the equilibrium phase diagram, where T is the dominant parameter. In our synthesis of the PM materials at a high temperature of 1073 K, the partial disassociation of Bi can occur primarily in the spinodal decomposition areas, which has already been formed during the lowtemperature synthesis process in PM Mg3.225Mn0.025Sb1.5Bi0.49Te0.01, as shown in the TEM images. These disassociated Bi species endotaxially grown in the matrix would significantly lower the mechanical strength of the Mg3.225Mn0.025Sb1.5Bi0.49Te0.01 samples, leading to a softening of the disc at 1073 K. However the softened PM samples can be secured in the specially designed graphite die, accompanied by the porous structures during the cooling process, disassociated Bi species are transformed into endotaxially grown nano-precipitates in the matrix. 
